We report on searches for Higgs boson bremsstrahlung production off the Z boson, with the Higgs boson decaying invisibly. The data set is taken at the Z pole with a total integrated luminosity of 104 pb −1 , corresponding to 2.8 million hadronic Z decays. No signal is observed. We set model-independent limits and interpret the results in an extension of the Standard Model with an additional Higgs boson singlet.
Introduction
The Higgs mechanism is a cornerstone of the Minimal Standard Model (MSM) [1] and the search for the physical Higgs boson is one of the most important goals of current and future high energy experimental activity. The four LEP experiments have excluded the existence of the MSM Higgs upto a mass of 65 GeV [2] . However, there also exist extensions of the MSM with a more complex and richer Higgs sector. Two of the most studied extensions are the Minimal Supersymmetric extension of the SM (MSSM) and the generic two-Higgs-doublet models. The LEP experiments have analyzed their data within the framework of these models and, have set lower limits on the masses and couplings of the expected neutral and charged Higgs bosons [2] . Another well motivated class of extensions of the MSM which are qualitatively different from the ones mentioned above, are the Majoron type models [3, 4, 5] . In addition to the Higgs doublet(s) or triplet(s), the characteristic feature of the Majoron models is the presence of complex SU(2)×U(1) singlet scalar fields. The spontaneous breaking of the U(1) symmetry leads to the occurrence of a Goldstone boson (called the Majoron, J) which, in the fermion and gauge sector, couples only to right handed neutrinos owing to the singlet nature of the field. In the Higgs sector, the coupling of the Majoron to the Higgs bosons might be large and the Higgs bosons could therefore predominantly decay into an invisible Majoron pair:
In the present work, the simplest Majoron model based on one Higgs doublet φ and one singlet field η is considered. Mixing of the real parts of φ and η leads to two massive Higgs bosons: H = φ R cos θ − η R sin θ S = φ R sin θ + η R cos θ where θ is the mixing angle, which may be constrained within 0
• to 45
• without loss of generality. The imaginary part of the singlet field is identified with the Majoron. The free parameters of this model are the masses of the two Higgs (H and S), the mixing angle θ and the ratio of the vacuum expectation values of the φ and η fields (tan β ≡ v φ /v η ). The production rate of the H and S is reduced with respect to the MSM Higgs boson, by a factor of cosMaking use of the above equations, the numbers of expected H and S events is
where L int is the integrated luminosity, σ SM (m) is the cross section for the production of the MSM Higgs of mass m and ǫ's are the efficiencies for detecting the relevant decay modes. We concentrate on the case where the invisible Higgs decay mode is dominant (tan β large, r ≈ 0).
In the present work, a model independent search for the invisible Higgs decay is carried out for Higgs masses in the range 0 to 70 GeV.
At the Z pole, the Higgs is produced via the Bjorken process, Z → Z ⋆ H. The Higgs escapes detection due to its invisible decay products. The dominant signature is then, an unbalanced hadronic event in which the Z ⋆ decays via themode. As this mode (Z ⋆ → qq) accounts for about 70% of all Z decays, the sensitivity of detecting it is enhanced, compared to the search for the MSM Higgs bosons via the classical mode Z → Z ⋆ H → ννH. A previous search based on a smaller data set is reported in [6] .
The L3 Detector
The L3 detector [7] covers 99% of the 4π solid angle. It consists of a silicon microvertex detector (SMD), a central tracker with a time expansion chamber (TEC) surrounded by two thin proportional (Z-)chambers, a forward-backward tracking chamber, a high resolution electromagnetic calorimeter (ECAL) composed of Bismuth Germanium Oxide (BGO) crystals, a ring of scintillation counters, a uranium brass hadron calorimeter with proportional wire chambers (HCAL), and a high-precision muon chamber spectrometer (MUCH). These detectors are located in a 12 m diameter magnet providing a uniform field of 0.5 T along the beam direction. Forward BGO arrays (LUMI) on each side of the detector measure the luminosity by detecting the energy deposit of small angle Bhabha events.
Data Sample and Event Pre-selection
This analysis is performed on data recorded during the period 1992 to 1994. The number of hadronic events in this data set is 2.8 million, corresponding to an integrated luminosity of 104 pb −1 .
As a first step, a preselection of unbalanced hadronic events is made using the following cuts: The first two cuts ensure good tracking quality, the third selects hadronic events in preference to dileptons, the fourth selects the visible energy range for the signal, the fifth and sixth ensure missing transverse energy and acoplanarity expected in an event with invisible particles, and the seventh reduces the two photon background with energy deposits at small polar angles.
Major sources of background are Z → qq, Z → τ + τ − and two-photon events. While the cross sections for the first two processes are well known, the two-photon process poses the problem of sharply varying cross sections, depending on the parton level cuts one is forced to introduce, in order to limit the number of events which should be passed through the full detector simulation. Events are accepted in the DIAG36 two-photon Monte Carlo generation if the total final-state-particle energy at polar angles larger than 4
• , is greater than 10 GeV. Large uncertainties on the production cross section are seen in different generators [8] . We determine the effective normalization to be 0.6 nb, by comparing the visible energy distribution after preselection, in the region where the two photon background is dominant. Four-fermion background is negligible, since the total expected cross section is less than 10 −2 pb.
In this analysis, we use the following Monte Carlo event generation programs: HIGGSMOD [9] for the Higgs signal simulation, JETSET 7.3 [10] for Z →events, KORALZ [11] for Z → τ + τ − events, DIAG36 [12] for pointlike (QED) and TWOGEN [13] When applied to the signal Monte Carlo samples, the preselection cuts give between 36.1 and 76.9% efficiency. On the other hand, the data and backgrounds are reduced to about 33000 events.
Final Selection
The signature varies considerably with the Higgs mass. For increasing Higgs mass, the visible energy decreases and all event characteristics change. For the final selection we apply the following procedure to the signal, data and the Monte Carlo backgrounds. We choose 5 different selections, each selection being optimized for a different Higgs range and, the cut on each variable varying monotonically across the Higgs mass range. The final selection is then the logical OR of these selections, denoted by selection A, B, C, D and E. For a given Higgs mass, at most 3 selections are relevant as the expected event characteristics vary rapidly with the Higgs mass. The selection variables are :
1. Number of charged tracks, N tr .
2. Energy deposits in the electromagnetic calorimeter, E BGO .
3. Normalized visible energy, E vis / √ s.
4.
Number of calorimetric clusters, N cl .
5. Event thrust, T .
6. Thrust direction with respect to the beam pipe, cos θ T .
7. Missing energy transverse to the beam pipe, E miss ⊥ .
8. Missing energy direction with respect to the beam pipe, cos θ miss .
Energy deposited in a cone of 25
• half opening angle around the missing momentum direction, EM25.
Energy in a cone of 60
• half opening angle opposite to the sum of the unit vector directions of the two jets, EC60.
Energy in a cone of 90
• half opening angle opposite to the sum of the unit vector directions of the two jets, EC90.
12. Invariant mass of the jets, m inv .
13. Recoiling mass of the jets, m recoil .
14. Acoplanarity angle between the jets in the plane perpendicular to the beam pipe, θ acop .
15. Acollinearity angle as defined before, θ 123 .
Selection variables 7-14 are defined after the event has been forced into two jets.
An overview of the cuts is given in Table 6 : Selection variables, number of data and background events and selection efficiencies for selection E.
Examples for the cuts for selection E follow. Final selection efficiencies using the logical OR of selection cuts A to E are given in Table 7 One candidate event is selected 6 , while 0.6 background events are expected. The reconstructed recoiling mass to the jet pair in this event is −27 ± 30 GeV, where the error is estimated from the detector resolution. The mean values and resolutions of the reconstructed mass are given in Table 8 and shown in Fig. 7, 8, 9 and 10, based on a fit of the recoiling mass of the simulated signals. For masses below 10 GeV, the relative uncertainty becomes large. 
Detector Inefficiencies
We have studied the trigger efficiency for the invisible Higgs signal using a simulation program for the TEC and energy triggers [14] . Table 10 shows the trigger efficiencies for different stages of the event selection: a) no cuts applied and b) after all cuts applied. We show the efficiencies for TEC and energy trigger separately and the combined efficiencies, as well as their binomial statistical errors. It is interesting to note that the TEC trigger efficiency is reduced after all cuts are applied, since the TEC trigger is more efficient for back-to-back events. For Higgs masses larger than 60 GeV, the trigger efficiencies are slightly lower after all cuts, due to the lower TEC trigger efficiencies.
Higgs Mass
No Cuts All Cuts (GeV) TEC Energy Both TEC Energy Both 0.1 93 ± 1 98 ± 1 100 ± 0 64 ± 10 100 ± 0 100 ± 0 5 91 ± 1 98 ± 1 100 ± 0 50 ± 9 100 ± 0 100 ± 0 10 92 ± 1 98 ± 1 100 ± 0 88 ± 4 100 ± 0 100 ± 0 20 89 ± 1 96 ± 1 99 ± 0 80 ± 3 98 ± 1 99 ± 1 30 84 ± 2 97 ± 1 99 ± 0 80 ± 3 98 ± 1 99 ± 1 40 80 ± 2 87 ± 1 97 ± 1 72 ± 3 91 ± 2 97 ± 1 50 79 ± 2 81 ± 2 96 ± 1 68 ± 3 76 ± 2 95 ± 1 60 71 ± 2 76 ± 2 92 ± 1 59 ± 3 71 ± 3 88 ± 2 65 72 ± 2 53 ± 2 89 ± 1 62 ± 4 54 ± 4 82 ± 3 70 70 ± 2 44 ± 2 86 ± 2 58 ± 4 50 ± 4 81 ± 3 Table 10 : Trigger efficiencies for simulated invisible Higgs signals, before and after the selection has been applied. The effect of the TEC and energy triggers alone has also been shown.
The time-dependent dead regions in the BGO can result in background from Z →decays with missing energy. The rejection of this background leads to a reduction of the detection efficiency. We have studied the effect of dead regions in the electromagnetic calorimeter on the detection efficiency for a 65 GeV invisible Higgs signal. The precise extent (in polar and azimuthal angle) of these dead regions has been determined in [15] . The region of dead BGO boxes known from calibration runs is extended by the region defined by the angular resolutions of the missing momentum direction for the expected background reactions. The angular resolution is determined separately using qqγ events. For data and Monte Carlo simulations, we remove those events where the missing momentum points in the direction of these dead regions. The overall efficiency reduction is then computed as the luminosity weighted sum over all running periods (Table 11) . We have calculated this efficiency reduction for a 65 GeV invisible Higgs signal to be 13.4%. This reduction is consistent with the solid angle lost due to the dead regions, therefore, we assume the same reduction for the whole Higgs mass range. The preselection veto of luminosity monitor energy deposits and on the EM25 cut have been investigated concerning the data reduction due to detector noise. For each running period, 60000 random beamgate events are triggered. For EM25, the energy deposits from detector noise consist of 0.6 GeV in the hadron calorimeter and of about 0.1 GeV in the electromagnetic calorimeter. Since the uranium noise in the hadron calorimeter is satisfactorily simulated, the uncertainty on the reduction of the selection efficiency due to the EM25 cut is negligible. For the luminosity monitor, the noise consists mainly of background from the LEP accelerator. This background is not simulated and, it could result in a rejection of data which is not taken into account in the expected signal efficiency. The spectrum of the energy in the luminosity monitor, selected by the random beamgate trigger, is shown in Fig. 11 . A negligible number of less than 0.9% data events is rejected. Figure 11: Energy in the luminosity monitor from detector noise using beamgate triggers. Less than 0.9% data is rejected by the preselection cut. The first plot shows the energy cutoff at 1.5 GeV for energy deposits in the luminosity monitor. The second plot shows the energy deposits in the luminosity monitor for the events rejected by the preselection veto.
Running
The effect of the TEC tracking inefficiency on the detection efficiency is studied. The single track efficiency is 96.5%, based on τ studies [16] . The resulting reductions in the signal efficiency are summarized in Table 12 . We take into account a constant reduction of 2.8% for the whole mass range.
Higgs Mass (GeV) 0-20 20-40 40-60 60-70 Efficiency reduction (%) 0.6 1.1 1.2 2.8 Table 12 : Efficiency reduction for the invisible Higgs signal, due to single track inefficiencies.
Systematic Errors
We have studied the energy scale by comparing two different Monte Carlo event generators, namely JETSET and HERWIG using the Z →simulations (MC streams qe523 and qh503). We fit the visible energy distribution of the Z pole and determine the energy shift between the mean values to be less than 0.5 GeV. The resulting error on the signal efficiency is less than 1%. The systematic error due to the normalization with the luminosity is less than 0.5%. The Higgs boson production cross section is known to better than 1%. The uncertainty of the Z fragmentation is negligible. The sum of the above mentioned contributions to the systematic error is 1.6%.
In addition to the binomial systematic errors, statistical errors due to the limited signal Monte Carlo simulations, varying between 2% and 17%, are taken into account by reducing the signal efficiencies ( 
Results
Model independent limits on the production cross section are given in Fig. 12 , as a function of the invisible Higgs mass at 95% CL. In the model with one doublet and one singlet, a large region in the Higgs mass versus mixing angle plane is excluded, as shown in Fig. 13 . 
